Abstract. This paper presents the results of a study on the pathological changes associated with post traumatic central spinal cord necrosis.
Introduction
EXPERIMENTAL work supports the concept that progressive damage to central grey matter as well as the white matter of the spinal cord occurs after the initial bruising injury. Toxic substances may be released from the injured neurones or trans ported to the area causing further tissue damage either directly or indirectly by producing further ischaemia. Partial reversal could possibly be achieved by blocking the release of any noxious chemical (Allen, 19II; Albin et al., 1968; Ducker & Hamit, 1969; Kelly et al., 1970; Kobrine, 1975; Kobrine et al., 1976) . With various surgical and non surgical techniques used in the experimental animal, e.g. local saline perfusion, intramuscular and intrathecal steroids, myelotomy, monoamine inhibition, hyper baric oxygen and H2 histamine antagonists, it has been possible to modify in animals what otherwise would be extensive cystic necrosis with paralysis and loss of sensation below the level of the lesion (Tomasula et al., 1969; White & Albin, 1970; Dohrmann et al., 1972; Tator, 1972; Osterholm, 1974; .
There have been conflicting reports on the pathogenesis of these progressive changes in the microvasculature and the nerve fibres of the traumatised spinal cord Dohrmann et al., 1973) . The reported fourfold increase in the levels of noradrenaline and the low levels of dopamine within 1 hour have not been substantiated in recent work by other laboratories (Naftchi et al., 1974; . Serotonin and histamine have also been implicated (Kobrine et al., 1976; Zivin et al., 1976) .
The data suggest that ischaemia plays a major role in the pathogenesis of post-traumatic central cord necrosis and results in the associated loss of motor function and sensation below the level of the lesion. Supporting this theory are the reports that hyperbaric oxygen improves the motor recovery in paraplegic animals (Hartzog et al., 1969; Kelly et al., 1972; Yeo et al., 1976) .
Aims
(I) To study the pathogenesis of post-traumatic central cord necrosis in the sheep's spinal cord; (2) to assess the level of motor recovery in sheep with a signifi cant degree of post-traumatic necrosis in grey and white matter of the spinal cord; (3) (i) to compare the recovery of motor power after controlled contusion to the sheep's spinal cord following treatment with methyl prednisolone, alphamethyl paratyrosine and hyperbaric oxygen, and (ii) to compare the histopathology found in the spinal cords of these animals at the level of the lesion.
Materials and Methods
The sheep were anaesthetised with intravenous sodium pentobarbitone and a laminectomy performed exposing the lower thoracic spinal cord. Spinal cord contusion was produced by dropping a So g weight from a height of 20 cm within a Teflon tube on to an impactor placed over the spinal cord at the level of TIO vertebra, delivering an impact injury of 19.88 g/cm force per mm2 (Yeo et al., 1971) .
The macroscopic appearance of each spinal cord was recorded before and after injury with photography and the degree of apparent cord swelling and bruising within S minutes studied. In a number of animals isotope and contrast myelo graphy were used to monitor the extent and duration of spinal cord swelling (Yeo & Collins, 1974 ). An electrical stimulus (2-S volts for o'OS-O'OI ms) repeated at 1 second intervals was applied to the dorsal surface of the spinal cord 1 cm above and below as well as at the level of the injury and the reflex motor response com pared before and after injury.
Those animals in the clinical study were placed after the procedure in sup portive slings and nursed for periods of 8 and 13 weeks. Each animal was removed from the sling daily to help prevent trophic skin ulceration and encourage voluntary movements. Early development of a reflex neurogenic bladder within 24 hours avoided the necessity of catheterisation of the bladder. Animals in the control and treated groups were examined clinically at least three times weekly. The motor power was assessed above and below the stifle joint (femoro-tibial) and the following classification used for assessment of motor power; 0, completely absent; I, some voluntary movement against gravity; 2, movement against resistance; and 3, normal. A normal hind limb would rate as 6 so that both hind limbs with normal motor power above and below the stifle joints would total 12. In each group the mean recovery was then recorded each week and the observations classified into one of the following four categories; A( 1 -4) = mild; B (S, 6) = moderate; C (7, 8) = good; D (9-11) = excellent. The difference in the recovery rates between the control and treated animals was then tested using the exact probability test for a 2 x 4 contingency table.
The animals which received intrathecal methyl prednisolone (40 mg) within 1 hour of the injury survived for periods up to 13 weeks and the mean recovery was compared to the control group.
Those animals which received alpha-methyl paratyrosine, an anti-tyrosine hydroxylase agent, intravenously over a period of 60 minutes commencing 1 S minutes after injury, were allowed to survive for 13 weeks and the recovery compared to the control group. Those animals which received hyperbaric oxygen at 3 atmospheres commencing 30 minutes after the injury for 90 minutes, survived for 8 weeks and the recovery was compared with the recovery in the control group of animals over the same period.
.
Autopsies were carried out on all animals in both treated and untreated groups. The macroscopic appearance of the injured spinal cord after fixation in formol saline 10 per cent was recorded with photography. Sections of the spinal cord were taken at the level of the injury, 1 cm above and 1 cm below. Tissue blocks were prepared and sections stained using Luxol fast blue and Van Gieson staining.
The degree of central cord necrosis and demyelinisation in each spinal cord was recorded using transmitted light or dark field photography techniques.
Results
Although the contusion to the spinal cord in the experimental animal was standardised the degree of injury varied macroscopically and microscopically. The variations in the degree of congestion, extravasation, subdural haemorrhage and axonal swelling have been described previously . There are sequential pathological changes in the moderately contused spinal cord with dynamic histological changes in both grey and white matter occurring within 2 days of the injury. Without treatment, marked central cord necrosis occurred at the level of the lesion with micro cysts and demyelinisation evident in the surrounding white matter (see Figs. 1 and 2). In all the untreated control animals studied at 8-week and 13-week intervals after injury, there was extensive demyelinisation in the white matter with varying degrees of fibrosis, gliosis and extensive central cystic degeneration. These pathological changes were localised to within 2 cm of the impact site. There was little evidence of Wallerian degeneration although demyelinisation in the dorsal spino-cerebellar tracts was often evident above the level of the lesion. Even with this severe degree of degeneration there was significant motor recovery in the untreated animals. All of these animals in the control groups recovered at least anti-gravity movements above and below the stifle joint. No animal in control or treated groups had return of total motor function in the hind limbs.
In the group of animals treated with intrathecal methyl prednisolone ('Depo medrol') there was no significant improvement in the recovery of motor function over 13 weeks. The degree of central cystic necrosis and demyelinisation appeared similar to that found in the untreated control animals. These results have been previously reported .
In the series of animals treated with AMT there was a significant improvement in motor function with less central cystic necrosis and micro cystic changes in the white matter .
In animals treated with hyperbaric oxygen there was a significant improvement of motor recovery over a period of 8 weeks after the injury. At the level of the lesion there was less central cystic change and microcyst formation in the anterior and lateral columns (see Fig. 3 ). The clinical recovery in a small preliminary series has been reported (Yeo et al., 1976) , and the results of the second series of treated animals confirm that there is improved motor recovery following treatment with hyperbaric oxygen (Fig. 4) . On statistical analysis there was a significant improvement at all weekly intervals except at the 5th week.
Graph showing recovery of motor function in the group of eight hyperbaric oxygen treated animals compared to the recovery in the control group.
Discussion
There are difficulties comparing the changes within the injured spinal cord of the sheep and the post-traumatic change in the spinal cord of man. The cortico spinal tract reaches its highest genetic development in man and in the primates, and is related to the development of digital or skilled movements. In man the pyramidal tract represents 30 per cent of the total white matter in the spinal cord; 20 per cent in the monkey and 10 per cent in the dog. Also in man 50 per cent of the lateral cortico-spinal tract runs to the cervical segments, 20 per cent to the thoracic and 30 per cent to the lumbar segments, whereas in other animal species there appears to be a predominant distribution to the fore-limbs suggesting direct cortical control of these extremities (Palmer, 1965) . In sheep the pyramidal tract disappears after the 3rd or 4th cervical segment. Lassek (1942) has estimated that compared with one million or so fibres in the cortico-spinal pathway of man, the sheep has only two hundred and fifty thousand. There is a short descending relay system of fibres in the lateral and ventral columns of the sheep (Chomiak et al., 1960 ) and this tract is probably of greater importance than the cortico-spinal tract itself. Injury to the dorsal surface of the sheep's spinal cord should cause less disturbance of motor power than injury to the ventral surface of the cord. In ungulates, 50 per cent of the fibres remain in the ventral tract and it is these fibres or their short relay successors which play an important role in motor function, particularly of the hind limbs. In the sheep there is therefore significant return of motor function in the hind limbs even though the injury produces extensive central cystic degeneration and demyelinisation of surrounding white matter at the level of the lesion.
Pain sensations could not be accurately recorded in the sheep due to the presence of spinal reflex activity within 2 or 3 days of the injury. Sheep also tend to have a hypersensitivity to pain after a thoraco-Iumbar spinal cord lesion, said to be associated with hyperactivity of the internuncial fibres (Fulton, 1950) . The phenomenon of spinal walking is well known and will occur even when the hind limbs of an animal are deprived of the efferent supply, and the paraplegic sheep can wag its tail if the tail region is stimulated directly. Freeman (1952) has commented 'It requires very little neural tissue which has escaped spinal cord injury to give a considerable amount of voluntary control in the hind limbs'.
Because of the difficulties encountered in determining motor power in the experimental animal, the clinical recovery must be correlated with the pathology found in the injured spinal cord.
There have been conflicting reports on the pathogenesis of the early progres sive changes in the microvasculature and nerve fibres of the contused spinal cord in the experimental animal. Fluorescent microscopy Fried and Goodkin (1971) demonstrated progressive lack of perfusion within the cord and this severe disturb ance of haemodynamics was still evident 24 hours after the injury. Turnbull (1971) described central vessels of the spinal cord as susceptible to stretching and compres sion by antero-posterior forces, and Green, Wagner and Bucy (1971) reported the development of oedema in cats, initially in the grey and later in the white matter within the first 8 hours of the injury. After I hour the oedema appeared primarily to involve the grey matter but by 4 hours the white matter immediately adjacent to the grey matter was also involved. Osterholm and Mathews (1971, 1972) were the first to suggest that local accumulation of norepinephrine followed injury and would result in progressive damage to neurones. Norepinephrine would also cause further ischaemia by vasoconstriction of small vessels. Although other workers have not been able to confirm this rise of noreadrenaline ( Progressive disturbance of haemodynamics leading to further local hypoxia of the nerve tissue has been well recognised and suggested as the reason for extension of the neurological deficit within hours of the spinal cord injury (Barnes, 1948; Schneider, 1958; Bedbrook, 1966; ; Vise et at., 1974; Yeo et at., 1975). Kobrine and Martins (1974) demonstrated hyperper fusion of the lateral white matter of Rhesus monkeys after injury and suggested that this finding disproved the notion of spreading ischaemia as a cause of paraplegia.
Ducker and Hamit (1969) produced a contusion injury in beagles and recorded that parenteral administration of steroids by intramuscular injection was of value in preventing permanent paraplegia. Black and Markowitz (1971) suggested that steroids enhanced the functional recovery in monkeys, although Yeo et at. (1975) were not able to show any significant improvement in sheep treated with intrathecal methyl prednisolone.
There was, however, a significant improvement in the animals treated with alpha-methyl paratyrosine suggesting that local norepinephrine may play a role in the progressive necrosis within the injured segment of spinal cord. The time interval following the trauma must be important and further work on monoamine turnover would appear to be necessary to elucidate this complex problem. It is of interest that recently histamine and 5-hydroxytryptamine have again been suggested as possibly involved in the progressive damage to the neurones of the contused spinal cord (Zivin et at., 1976; Kobrine et at., 1976).
The reversibility of graded spinal cord trauma in the experimental animal after three exposures to 100 per cent oxygen at 3 atmospheres absolute pressure was reported by Hartzog et al. (1969) . The treatment was given 3,1 I and 21 hours after the injury for 45 minutes' duration. Significant clinical improvement occurred and the neurological status remained stable for I month. Kelly et al.
(1972) reported significant recovery of function in injured dogs treated with hyper baric oxygen. The degree of recovery was stated to be equal to that after treatment with glucocorticoids, intrathecal injection of methyl prednisolone, and hypothermia. Yeo et al. (1976) reported encouraging results of hyperbaric oxygen therapy to control the degree and duration of paraplegia after recent spinal cord injury in sheep. The improved motor recovery over 8 weeks was evident in sheep treated with hyperbaric oxygen at 3 atmospheres for 90 minutes commencing 30 minutes after the injury. The results in this more recent series also support the suggestion that experimental contusion produces an ischaemic lesion which can be partially reversed by (i) intravenous administration of alpha-methyl paratyrosine or (ii) exposure of the animal to hyperbaric oxygen within 2 hours of the injury. In both series there is less central cord necrosis in the treated animals.
Renal toxicity of alpha-methyl paratyrosine prohibits its use in the recently injured paraplegic or quadriplegic patient; hyperbaric oxygen now appears to be a form of treatment for trial in the recently injured paraplegic patient.
SUMMARY
The paper presents the results of a study on the pathological changes associ ated with post-traumatic central spinal cord necrosis. The degree of motor recovery in sheep with a controlled contusion injury to the spinal cord is compared with the recovery in sheep treated with intrathecal methyl prednisolone, alpha methyl paratyrosine or hyperbaric oxygen. The degree of central cord cystic necrosis and the extent of demyelinisation in the surrounding white matter is compared in each group of treated animals. The success in improving motor recovery and controlling the degree of cord degeneration with alpha-methyl paratyrosine and hyperbaric oxygen suggests that ischaemia plays a significant role in the experimental animal with a contusion injury to the spinal cord. RESUME L'article presente les resultats d'une etude des changements pathologiques associes avec la necrose post-traumatique de la moelle epiniere centrale. On compare Ie degre de retablissement de la motricite chez les moutons avec une lesion controlee de meurtrissure it la moelle epiniere avec la guerison des moutons traites avec du prednisolone de methyl intrathecal, avec du paratyrosine "alpha-methyle" ou avec de l'oxygene sous pression ex cessive. Pour chaque groupe des animaux traites on compare Ie degre de la necrose cystique de la moelle epiniere centrale et l'etendue de la demyelinisation dans la matiere blanche environnante. Puisqu'on a reussi it faire des progres au retablissment de la motricite et it la maitrise du degre de la degeneration de la moelle epiniere en se servant de paratyrosine "alpha-methyle" et d'oxygene sous pression excessive, il se presente que c'est l'ischemie qui joue un role significatif quand il s'agit d'un animal d'essai avec une lesion de meurtrissure it la moelle epiniere.
ZUSAMMENFASSUNG
Dieser Artikel enthalt die Ergebnisse einer Untersuchung der pathologischen Veran derungen im Zusammenhang mit einer post-traumatischen Nekrose des zentralen Riicken markes. Es werden Vergleiche angestellt zwischen dem AusmaB der motorischen Gesun dung bei Schafen mit einer Quetschverletzung des Riickenmarks, deren Ausbreitung eingeschrankt werden kann, und dem AusmaB der Gesundung bei Schafen, we1che mit intra-thekalep. Methyl-Prednisolonum, mit Alpha-Methyl-Paratyrosin oder mit Sauer stoff unter Uberdruck behandelt werden. Der Grad der Blasen-Nekrose des zentralen Riickenmarks und das AusmaB der Entmarkung in der umgebenden weiBen Substanz wird bei jeder Gruppe der behandelten Tiere einer vergleichenden Betrachtung unterzogen. Der Erfolg bei den Bestrebungen, den motorischen Gesundungsprozess zu vervoIlkommnen und der Entartung des Riic��nmarks Einhalt zu gebieten, indem man Alpha-Methyl-Paratyrosin und Sauerstoff unter Uberdruck anwendet, legt die Vermutung nahe, dass bei Versuch stieren mit einer Quetschverleztung am Riickenmark die ortliche Blutleere eine wesentliche Rolle spielt. DR YEO. To this extent, the series was consecutive; sheep were taken and they weren't truly randomised perhaps to satisfy your critical mind, but I can say that when we came to analyse the clinical results the examiner did not know whether the animal fitted into the control or treated group. DR SANDLER. The selection of the animals was not randomised in the true sense. DR YEO. Yes.
DR F. W. MEINECKE (Germany). Dr Yeo, reviewing the literature of the last 10 years, I can't tell you exactly who it was but I remember I have in mind some warning against the use of hyperbaric oxygen in spinal cord injuries and spinal cord lesions. I'm quite sure you probably know the author, but what do you feel about that. As far as I can remember the warning was that hyperbaric oxygen can produce further necrosis. DR YEO. One of the reasons for presenting this paper was to hear if anyone in fact had used hyperbaric oxygen in man. I was not aware of any number of people that had been put into the chamber. We do know of course that hyperbaric oxygen can in fact influence cerebral and presumably spinal cord blood flow to the extent that it might diminish it, and there have been those who have studied that in detail, Kelly being one of them, but in the traumatised cord you've got a different haemodynamic state to what you have in normal blood flow. We believe that the hyperbaric oxygen just simply moves oxygen across the area where you've got compromised nervous tissue which is going to be progressively damaged by whatever toxic process that is going on there, and that it simply holds the nervous tissue in the potentially ischaemic area until the blood flow resumes some level which is going to maintain tissue. I don't know whether anyone, Mr Chairman, can report on the use clinically of hyperbaric oxygen. DR YEO. Yes, we've looked at the microscopy and its been of interest to us that looking at the microscopy the swelling of the spinal cord does not appear to be basically due to extracellular fluid. Looking at it on light microscopy it looks to us as though the swelling is due to congestion, extravasation and intracellular swelling. The periaxonal space which is an accepted artefact for light microscopy using paraffin sections is much greater increased and it seems to us that the swelling of the cord is almost intracellular and perhaps this is the reason why steroids don't appear to have any effect. DR NOCH!. May I go on once more. I think this is very important because it has to do with ischaemia and oedema. We tried alpha-methyl prednisolone alone, it did not help, but when we tried it with amicar, which is ipsalonamenocoprobic acid, it's a mem brane stabilising and antifibrinitic agent, both of them together were very efficacious, but each one alone was not helpful. DR FLANIGAN (U. S.A.). Did I understand you correctly that the steroids were administered intrathecally? DR YEO. Yes. DR FLANIGAN. I would raise the question with you that material introduced in that fashion does not reach systemic circulation and on that count you would not get the usual and rapid immunological as well as anti-inflammatory effect of steroids as you would get it ,if it were administered intravenously. Was there a reason for selecting that route of administration? DR YEO. We selected it in that way because it was administered in the particular form as dephamedrol, our argument being that for this reason we believed that the blood supply would be deficient, that we would deposit steroid in the region of the injured tissue within the subarachnoid space. Your comment is accepted. It may not be the best way of administering steroids.
CHAIRMAN. Has anybody any comment then on administering hyperbaric oxygen to human spinal cord injured patients, from their own experience.
MR HARRIS (G.B.). Some years ago when hyperbaric oxygen was popular in the news, we had the opportunity of using this chamber, and the whole chamber-you operated inside the chamber-in Glasgow, and one of our staff went through and spent a year there doing experimental studies in man, mainly strokes, head injuries and spinal injuries and with no obvious benefits, and I think this is what has happened with the use of hyperbaric oxygen clinically, that as far as I understand it there are only two situations where it's of help, one is gas gangrene and the other is carbon monoxide poisoning.
CHAIRMAN. Thank you, Mr Harris.
